hibernation. In our 2010 commentary we emphasized there was more to WNS than meets the naked eye and that fungal damage to wings during hibernation was far more severe and physiologically disruptive than appreciated. Since then, new discoveries have shed light on the unfortunate circumstances under which bats and G. destructans meet during winter. The emerging picture reveals potentially close linkages between physical damage caused by the fungus and the time and energy (stored fat) available to bats for coping with infection.
It is now very clear the fungus, G. destructans, is the cause of WNS in North America, but it has different effects on bats in Europe. Infection studies completed in two different laboratories with little brown bats (Myotis lucifugus) confirmed that the fungus causes the skin lesions characteristic of the disease [2] and death after approximately two to three months of hibernation [3] . A European isolate of the fungus also killed experimentally infected North American little brown bats [3] . However, although wild hibernating bats of Europe develop fungal skin lesions consistent with those seen in their North American counterparts [4] , G. destructans does not appear to cause mass mortality of wild European bats. Current thinking is that G. destructans was accidentally translocated from Europe into a naïve assemblage of bat hosts through an index site in New York. Genetic studies comparing isolates of the fungus from North America and Europe are on-going, and the geographic source of this likely introduction remains a mystery. Together, these findings suggest that intercontinental differences in mortality may have more to do with susceptibility of resident bats or their infested habitats than differences in the pathogen itself.
From the earliest days of the investigation, fungalinfluenced, hyper-frequent arousals from hibernation were hypothesized to cause premature fat depletion and death in WNS bats. Experimental evidence from laboratory infection trials, as well as observations from wild bats, recently confirmed that bats with WNS indeed arouse from torpor more frequently than uninfected bats, particularly during the later stages of disease severity [3,5]. Energy depletion due to fungal-altered arousals undoubtedly contributes to mortality. However, we still do not know what triggers these arousals. In 2010, we hypothesized that dehydration from infection might influence arousals and mortality [1] . There is new evidence of hypotonic dehydration and associated electrolyte depletion in WNS bats [6] , as well as modeling that indicates the little brown bat, a species showing high susceptibility to WNS in North America, has greater rates of evaporative water loss than a similar-sized hibernating congener in Europe [7] . Although experimental evidence of dehydration (or other physiological processes) causing increased arousals is still lacking, dehydra tion remains a plausible explanation for both WNS arousal patterns and species differences in susceptibility to WNS.
The anecdotal differences in susceptibility to WNS among bats in North America that we noted in 2010 have been substantiated by analysis of historical census data [8] . As more information is synthesized from outlying regions, including Europe, the question remains -what influences differences in susceptibility and disease severity among different species of bats? We now know that the underground habitats relied on by hibernating bats for winter survival can serve as long-term reservoirs of the fungal pathogen [9] . This year we also saw new information indicating that isolates of G. destructans from North America and Europe all show maximum rates of growth in culture from approximately 12 to 16°C, although variation in growth rates among geographically distinct isolates cultured at the same temperatures in lab settings remain unexplained [10] . We previously emphasized a possible connection between humidity inside a hibernation site and susceptibility to WNS, which, along with evidence of more rapid population declines in warmer hibernacula, has now been demonstrated with field data [8] . Germination of conidial fungi is often dependent on surface moisture, and considering the patterns described above with WNS and G. destructans in culture, it may be that fungal virulence is governed in large part by humidity and temperature conditions on skin surfaces of hiber nating bats. Different bat species rely on different humidity and temperature conditions in their underground winter habitats. It follows that variations in humidity and temperature within and among hibernation sites could have major influences on the extent and severity of infection by G. destructans among bat species, regions, and continents.
One of the more encouraging findings since we last wrote is that bats can recover from WNS infection, but recovery is a physiologically challenging process that requires time and energy [11, 12] . Following emergence from winter hibernation, both captive and wild bats have been documented to overcome infection, and wing healing is complete after several weeks (Figure 2 ). e immune response and healing process likely requires consistent euthermic (approximately 38°C) body temperatures, yet hibernating bats do not store sufficient fat to remain euthermic for such long periods. During winter, inflam matory cell response at the site of infection by G. destructans is mostly delayed until arousal from hiber nation in spring and new evidence suggests that, if the fungal infection of skin has been extensive during hibernation, this inflammatory response has the potential to fatally overwhelm the host instead of contributing to healing and recovery [13] . We hypothesized previously that physiological damage to wings caused by the fungus during winter could cause mortality, but it now appears that clearing the infection after arousal could contribute to additional life-threatening physical damage to wings [13] . Another new study related to survival of bats with WNS suggested a possible connection between environ mental conditions outside of bat hibernacula and WNS mortality, with a higher likelihood of mortality occur ring at hibernation sites situated in cold, seasonally variable, high-elevation regions [14] . Conditions outside of hiber nacula may influence disease outcome for bats that transiently emerge from hibernation during winter. Bats that hibernate in areas with shorter winters or where mid-winter feeding opportunities allow them to supple ment energy reserves for an earlier euthermic immune response seem less likely to be overwhelmed by infection with G. destructans. Together, these new discoveries highlight that WNS disease processes may vary across many scales, of which hibernation environments and the physiological status and behavioral characteristics of the hosts are but a few.
We are grateful to the Editors of BMC Biology for publishing what was, at the time, a rather speculative commentary, and for providing us another opportunity to update journal readership about a situation that has continued to unfold. We now understand the pathogenesis of WNS better than we did when our commentary was originally published; however, wide gaps remain in our understanding of this important disease. e patho genesis of WNS seems to involve a cascade of events across multiple host systems and processes, all occur ring against a backdrop of high environmental varia bility and host diversity. Further advances in characterizing the most relevant aspects of the ecology and pathogenesis of this disease may require more-integrated [11] . This type of healing was observed in many of the 25 bats that recovered from white-nose syndrome by the end of that 70-day study; 31 May (a) the wings show areas of increased density and contraction due to fungal damage, as well as translucent areas indicative of thinning or loss of epidermis associated with immune response and healing. On 17 July (b), the same wings show recovery without evidence of lesions or scarring. Images modified from Meteyer et al. 2011 [11] , page 622. and collaborative efforts. Yet, as we rapidly move forward toward answers to WNS, it will be more important than ever to ensure that we carefully weigh potential scientific advances against research use and disturbance of live bats, as their populations in North America face uncertain futures. Looking ahead, we strongly believe that continued research into the pathogenesis of WNS will be a vital part of responding to this unprecedented epizootic.
